The neuropeptides oxytocin (OXT) and vasopressin (AVP) have been identified as modulators of emotional social behaviors and associated with neuropsychiatric disorders characterized by social dysfunction. Experimental and therapeutic use of OXT and AVP via the intranasal route is the subject of extensive clinical research. However, the large-scale functional substrates directly engaged by these peptides and their functional dynamics remain elusive. By using cerebral blood volume (CBV) weighted fMRI in the mouse, we show that intranasal administration of OXT rapidly elicits the transient activation of cortical regions and a sustained activation of hippocampal and forebrain areas characterized by high oxytocin receptor density. By contrast, intranasal administration of AVP produced a robust and sustained deactivation in cortico-parietal, thalamic and mesolimbic regions. Importantly, intravenous administration of OXT and AVP did not recapitulate the patterns of modulation produced by intranasal dosing, supporting a central origin of the observed functional changes. In keeping with this notion, hippocampal local field potential recordings revealed multi-band power increases upon intranasal OXT administration. We also show that the selective OXTderivative TGOT reproduced the pattern of activation elicited by OXT and that the deletion of OXT receptors does not affect AVP-mediated deactivation. Collectively, our data document divergent modulation of brainwide neural systems by intranasal administration of OXT and AVP, an effect that involves key substrates of social and emotional behavior. The observed divergence calls for a deeper investigation of the systemslevel mechanisms by which exogenous OXT and AVP modulate brain function and exert their putative therapeutic effects.
INTRODUCTION
Oxytocin (OXT) and arginine-vasopressin (AVP) are two closely related neuropeptides known for their prominent role in mammalian social cognition and behavior (Donaldson and Young, 2008) . Animal studies showed that brain synthesis and release of OXT and AVP are driven by positive and negative social stimuli, involving the concerted modulation of multiple brain systems (Huber et al, 2005; Donaldson and Young, 2008; Yoshida et al, 2009; Stoop, 2014) . These features, along with accumulating evidence of altered OXT and AVP signaling in mental disorders characterized by social dysfunction (eg, autism, schizophrenia) have prompted clinical research into the use of intranasal OXT or AVP administration as a potential treatment for social impairments associated with these conditions (Meyer-Lindenberg et al, 2011; Young and Barrett, 2015; Feifel et al, 2016; Guastella and Hickie, 2016) . Because peripheral administered OXT and AVP do not cross the blood-brain barrier, human experimental investigations of these neuropeptides entails their intranasal administration (Born et al, 2002) . However, despite accumulating clinical research into the therapeutic potential of exogenous OXT and AVP administration with some initial encouraging results (Bakermans-Kranenburg and van IJzendoorn, 2013; Hofmann et al, 2015) , our knowledge of the brainwide substrates engaged by exogenous intranasal administration of these two neuropeptides remains limited (Leng and Ludwig, 2016; Walum et al, 2016) .
Functional magnetic resonance imaging (fMRI) studies in humans have examined the indirect modulatory effect of intranasal OXT or AVP on patterns of brain activity elicited by emotionally or socially relevant stimuli engaging specific brain targets (Zink and Meyer-Lindenberg, 2012; Jocham Radua and Shergill, 2015) . These task-based fMRI investigations have provided evidence of a modulatory effect of OXT on the activity of the amygdala in response to a variety of stimuli (Kirsch et al, 2005 ; Meyer-Lindenberg et al, 2011), along with the possible modulation of cortico-limbic substrates (Sripada et al, 2013; Riem et al, 2014) and mesolimbic regions of the reward system (Baumgartner et al, 2008) . Task-based fMRI investigations of AVP have been much fewer and have so far revealed a possible involvement of cingulate and temporal-parietal regions, along with a modulation of caudate nuclei and the amygdala (Zink and Meyer-Lindenberg, 2012) . However, task-based neuroimaging approaches only unmasks modulatory effects uniquely confined to the neural network engaged by the task and that take place on top (or in spite) of the functional response elicited by the stimulus per se. As a result, the macroscale substrates directly engaged by intranasal administration of OXT and AVP may be more widespread and pervasive than what so far described with task-based imaging. This hypothesis is consistent with the results of a recent task-free imaging study in humans, where intranasal OXT produced a previously unreported engagement of subcortical limbic regions (eg, the hippocampus) and basal forebrain nuclei (Paloyelis et al, 2014) . Preliminary rodent imaging studies upon intraventricular administration of OXT support the notion that the substrates affected by this neuropeptide may be distributed and involve multiple brain systems (Ferris et al, 2015) .
Collectively, these initial imaging studies suggest that intranasal OXT and AVP may exert their action via the modulation of key central effectors of social and emotional behavior. However, the specific substrates engaged by these peptides, as well as their functional dynamics, remain elusive. Moreover, the relative contribution of OXT and AVP receptors in modulating macroscale functional activity and the direction of their modulatory effect remain largely unknown. A disambiguation of these aspects may also help to understand some conflicting reports as to the central effect of exogenously administered OXT and AVP in rodents. Indeed, despite considerable overlap in the pharmacological profile, molecular signaling and electrophysiological responses elicited by these two neuropeptides (Raggenbass, 2001; Stoop, 2014) , and the largely prevailing view of a concerted contribution of these two systems to affiliative (Ross and Young, 2009) , social recognition (Insel, 2010; Lukas and Neumann, 2013) and maternal behavior (Bosch et al, 2010) , pharmacological manipulations in rodents have highlighted a differential modulatory effect of OXT and AVP on specific behavioral domains (Neumann and Landgraf, 2012; Stoop, 2012) . For example, exogenous OXT administration produces anxiolytic and stress-protective effects (McCarthy et al, 1996; Windle et al, 1997; Windle et al, 2004) , while loss-of-function studies of AVP empirically support an anxiogenic role of this peptide system (Aguilera et al, 1994; Ryckmans, 2010) . Similarly, brain AVP in rodents appears to modulate depression-like behavior in an opposite manner to OXT, resulting in a shift toward passive stresscoping (Landgraf et al, 2007; Neumann and Landgraf, 2012; Neumann and Slattery, 2016) . Moreover, acute intranasal OXT exhibits prosocial effects in humans and rodents (Lukas et al, 2011; Meyer-Lindenberg et al, 2011; Huang et al, 2014) but synthetic intranasal AVP in humans produces increased autonomic and behavioral responses to threatening stimuli (Ebstein et al, 2009; Shalev et al, 2011) , and selective stimulation of V1b receptor in rodents produces antisocial effects (Litvin et al, 2011) . Divergent microcircuital effectors have been identified for AVP and OXT in specific brain regions (ie, the amygdala, Huber et al, 2005) ; however, the broader and brainwide mechanisms by which these two systems can produce convergent or competing behavioral outcomes remain undetermined. A deeper investigation of these aspects is critically required to better assess the mechanism of action and putative therapeutic scope of OXT and AVP in human psychiatric disorders.
To begin to investigate these issues, we used high-resolution pharmacological fMRI (phMRI; Ferrari et al, 2012) to map the functional dynamics and brainwide functional substrates engaged by intranasal OXT and AVP in the mouse brain. Our measurements rely on the use of intravascular iron oxide nanoparticles to sensitize images to relative cerebral blood volume (rCBV), an approach that results in increased functional contrast to noise (Mandeville et al, 1998) , reduced susceptibility artefacts (Sforazzini et al, 2014) , and that is characterized by a more direct relationship with underlying neuronal activity with respect to traditional BOLD fMRI (Schridde et al, 2008) . Our main finding is that, despite their evolutionary and neurobiological similarity, OXT and AVP exert opposing brainwide modulatory effects involving, respectively, the activation and deactivation of large functional networks, including key rodent substrates of social and affective behavior. Importantly, intravenous administration of OXT and AVP did not recapitulate the patterns of modulation produced by intranasal dosing, supporting a central origin of the observed functional response. The observation of a functional divergence, rather than a concordant modulatory action, calls for a deeper investigation of the systems-level mechanisms by which exogenous OXT and AVP modulate brain function and exert their putative therapeutic effects.
MATERIALS AND METHODS
A more detailed description of the methods employed can be found in the Supplementary Method section. All research involving animals were carried out in accordance with the Italian Legislative Decree no. 116, 27 January 1992.
Experimental Subjects
Adult male C57BL/6J mice (13-24 weeks) were used throughout the study unless otherwise specified. OXT-R − / − and littermate control wild-type OXT-R +/+ mice (Takayanagi et al, 2005) rederived on a C57BL/6J genetic background (Charles Rivers, Calco, Italy), were maintained by heterozygous mating.
Drug Formulation
Oxytocin, [Thr4,Gly7]-Oxytocin (TGOT) and [Arg8]-Vasopressin (Sigma Aldrich, Milan), were dissolved in distilled water at a concentration of 333.4 μg/ml. Distilled water was used as vehicle in all the intranasal control groups. For intravenous fMRI studies, peptides were dissolved in physiological saline solution.
Functional Magnetic Resonance Imaging
Animal preparation for fMRI has been previously described in great detail (Sforazzini et al, 2014) . Mice were imaged under halothane sedation (0.8%). Ventilation parameters fMRI of oxytocin and vasopressin in the mouse A Galbusera et al were adjusted to maintain arterial p a CO 2 levels o40 mm Hg and paO 2 levels 490 mm Hg corresponding to 98% hemoglobin saturation (Supplementary Table S1 ). fMRI data were acquired using a 7 T Pharmascan (Bruker, Ettlingen, Germany). Images were sensitized to reflect alterations in rCBV using 5 μl/g of blood-pool contrast agent (Errico et al, 2015) .
Intranasal Administration
To allow for the intranasal administration of drugs inside the scanner, an intranasal catheter was inserted into each nostril as previously described (Donnelley et al, 2009 ). An Hamilton Syringe 710N 100 μl was coupled with two PTFE cannulas 1 Fr (one for each nostril) using a 60 cm-long PE10 catheter connected to a sterile Y connector (22 G). Standard silicon laboratory tubing was used for all coupling connections. The syringe was then filled with distilled water. Four microliters of air (2 μl per each end of the intranasal cannula) were sucked into the cannulas to avoid mixing with the peptide solution to be administered. To avoid incidental preadministration solution leakage, two additional microliters of air were also sucked in the terminal end of the cannula after compound loading. The two prefilled cannulas were then inserted 9 mm into the nostrils. Fifteen minutes after contrast agent administration, each subject received an intranasal administration of vehicle or drug for a total volume of 4 μl (ie, 2 μl of a solution containing 333.4 μg/mlhigh dose-or 83.35 μg/ml-low dose-of peptide for each nostril). The choice of doses is discussed below. The fMRI response was mapped and quantified as previously described (Squillace et al, 2014) .
The two intranasal OXT doses tested (0.33 μg and 1.33 μg/mouse) were selected based on previous behavioral studies in the mouse (Huang et al, 2014) and on pilot fMRI tests performed in the laboratory. One international unit (IU) of OXT solution corresponds to 1.667 μg, so the doses tested corresponded to 0.8 and 0.2 IU per mouse, respectively. Assuming an average weight of ca. 30 g for an adult male mouse, the low and high OXT dose administered correspond to 6.7 and 26.7 IU/kg, respectively. This dosing is in line with that employed in recent behavioral tests employing acute intranasal OXT administration (eg, 3 and 10 IU/kg, Huang et al, 2014) and significantly lower than the dose used by other rodent investigators in mice, eg, 120 IU/ kg in Penagarikano et al (2015) or 240 IU/kg in Neumann et al (2013) and Kosaki and Watanabe (2016) .
TGOT and AVP are nonapeptides structurally very similar to OXT, with respect to which they differ for two aminoacidic substitutions (Supplementary Figure S1) . The intranasal dose of TGOT and AVP tested (1.33 μg per mouse) was selected out of pilot fMRI studies and replicates the highest amount of OXT examined, which was chosen as a qualitative term of comparison. fMRI mapping of lower TGOT or AVP doses (0.3 μg per mouse) resulted in a more variable functional effects, while at a dose of 0.1 μg per mouse both drugs produced subthreshold functional modulation (data not shown). A direct qualitative comparison of the effect of these nonapeptides can be carried out under the assumption of a similar steric hindrance and analogous passive distribution of these peptides into the central nervous system (CNS).
Intravenous fMRI Studies
To rule out a peripheral origin of the intranasal fMRI changes mapped, we also performed fMRI studies employing peripheral peptide administration. In these experiment, 30 min after contrast agent administration each subject received an intravenous injection of vehicle (saline, which served as reference rCBV baseline for the effects of each neuropeptide) or peptide (OXT TGOT and AVP, doses discussed below), with a total injection volume of 100 μl. The intravenous fMRI response was quantified in regions of interest as previously described (Squillace et al, 2014) .
fMRI studies employing peripheral peptide administration were carried out using the following peptides doses: OXT, 0.03 μg/mouse (n = 6); TGOT, 0.03 μg/mouse, (n = 6); AVP, 0.003 μg/mouse, (n = 6); and four subjects challenged with saline were used as reference controls. The tested doses largely exceed the amounts of peripherally circulating peptides measured upon intranasal administration of high OXT or AVP (described in Results section). Specifically, the OXT dose is~750-fold higher the mean circulating OXT level measured in intranasally treated animals, while the AVP dose tested corresponds to~30-fold this amount. We tested a lower AVP dose, because in pilot studies, 0.03 μg/mouse of AVP produced in individual animals blood pressure responses exceeding autoregulation range (eg, 130 mm Hg, Gozzi et al, 2007) , hence possibly contaminating central fMRI signals. TGOT was tested at the same dose of OXT, assuming that the two structurally related peptides could result in similar nose-to-vascular translocation.
Experimental Design and Pharmacological Treatments
fMRI studies were planned based on estimates of intersubject variability and effect size obtained in similar mouse fMRI experiments performed in our laboratory in mice where vehicle and pharmacologically treated groups were employed (Ferrari et al, 2012; Squillace et al, 2014; Errico et al, 2015) . Two separate intranasal studies were carried out. Study 1: C57Bl6/J mice were randomly assigned to the following treatment groups. (a) Intranasal treatment with OXT high dose (1.33 μg/mouse, n = 8) (b) intranasal administration of OXT low dose (0.33 μg/mouse, n = 9), (c) intranasal administration of TGOT (1.33 μg/mouse, n = 13), and (d) intranasal administration of vehicle (water, n = 7). Study 2: intranasal AVP (1.33 μg/mouse) was tested in a separate experiment in which control (Oxtr +/+ , n = 6) and oxytocin receptor null mice (Oxtr
, n = 5) were used. The effect of AVP was mapped with respect to vehicle baseline in control mice (water, n = 7) under the assumption that intranasal water administration does not significantly alter rCBV baseline (Squillace et al, 2014; Errico et al, 2015) . We defined intravenous administration fMRI studies as Study 3 (Supplementary Table S1 ).
Hippocampal Local Field Potential (LFP) Measurements
To corroborate a neural origin of the parenchymal signal changes mapped in OXT-treated mice, acute LFP measurements were performed on a separate cohort of anesthetized control mice (C57Bl6/J) using the same experimental conditions and anesthetic regimen employed for fMRI.
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A Galbusera et al Surgery and recordings were performed on a standard stereotaxic apparatus as previously described (Mahmud et al, 2011) . OXT (1.33 μg/mouse, N = 3) or vehicle (water, N = 5) were administered after 15 min of baseline acquisition, and hippocampal activity was recorded for 25 min. Homemade MATLAB (The MathWorks) scripts were used for analysis. Absolute power was then Z-scored relative to the mean and SD of the baseline. For each vehicle (N = 5) or oxytocin (N = 3) treated subject, Z-score values were averaged across 5 min intervals following treatment and a standard linear regression analysis with comparison of slopes was performed using GraphPad Prism (GraphPad Software).
Peripheral Peptide Quantification
To get an estimate of circulating peptide levels after intranasal treatment, we determined the peripheral plasma levels of OXT and AVP upon intranasal administration of vehicle (baseline), OXT or AVP at the highest dose tested (1.33 μg/mouse), using the same animal preparation and intranasal injection procedures employed for fMRI. To this aim, 0.5 ml of blood was withdrawn from the femoral artery of male adult C57BL6/J mice, 25 min after intranasal administration of peptides (OXT, n = 10; AVP n = 10) or vehicle (water, n = 10) in halothane anesthetized mice. Blood sampling was carried out 25 min after intranasal dosing to obtain an estimate of peptide levels at a time point relevant for our fMRI mapping, which covered the first 27-30 min after intranasal administration. Blood samples were centrifuged (10 min, 1300 g, 4°C) and plasma samples (0.3 ml) were kept at − 20°C until the radioimmunoassay procedure. OXT and AVP levels were estimated in plasma samples by using a highly sensitive and specific radioimmunoassay (RIAgnosis, Munich) as previously described (Ludwig et al, 2005; Neumann et al, 2013) . Using this assay, the detection limit for OXT and AVP is in the 0.5 pg/sample range and the cross-reactivity of both neuropeptides is extremely reduced (o0.7%). All the plasma samples were treated identically and assayed at the same time to avoid any interassay variability. To estimate the total peripheral circulating amounts of OXT and AVP, we assumed a total blood volume of 72 ml/kg, corresponding to 2.16 ml of blood in a 30 g male mouse (Diehl et al, 2001) .
RESULTS

Intranasal OXT Elicits a Composite Pattern of fMRI Activation
Acute administration of a behaviorally active dose of OXT (1.3 μg/mouse, Huang et al, 2014) elicited rapid and robust rCBV increases across a widespread network of cortical and subcortical substrates (Figure 1 , Z42, pc = 0.01). Based on the dynamics of the functional activity elicited, the activation pattern could be segregated into two main components. A transient (~10 min) functional activation was detected in widespread cortical and subcortical substrates, including limbic parietal and perihippocampal cortices, ventral hippocampus, and dorsal striatum. A more focal set of brain regions that included basal forebrain nuclei of the extended amygdala, piriform and insular cortex, dorsal hippocampus, thalamus, paraventricular and amygdaloid nuclei, hypothalamus, and the cerebellum showed a sustained rCBV increase that lasted throughout the time window covered in our experiments. This latter set of regions includes key substrates of the rodent social brain characterized by high OXT-R density such as the basal forebrain, periventricular piriform and olfactory regions, and dorsal hippocampal areas (Insel, 2010; Hammock and Levitt, 2013) . In order to explore the dose-dependence of the functional effects mapped, we repeated the functional mapping using a lower amount of OXT (0.3 μg/mouse, Supplementary Figure S2 ; Z42, pc = 0.01). The dose tested is behaviorally active and elicits acute prosocial effects in adult male mice (Huang et al, 2014) . The obtained pattern of rCBV activation closely replicated the one observed with higher OXT dosing, including the presence of two neuroanatomically segregable components characterized by a prolonged or more transient dynamic. These results suggest that the different regional dynamics produced by OXT administration was doseinvariant, a notion corroborated by VOI-based comparisons of the magnitude of rCBV response elicited by the two OXT doses tested in the transient and sustained phase (Supplementary Figure S3) .
OXT administration did not produce any appreciable alterations in arterial blood pressure at both the doses tested (Supplementary Figure S4a) , arguing against a peripheral cardiovascular contamination of the hemodynamic effects mapped. To corroborate a neural origin of the functional changes, we also performed LFP mapping in the dorsal hippocampus (CA1) upon intranasal administration of OXT (1.3 μg) under the same anesthetic conditions of the imaging studies. We chose the dorsal hippocampus because it is a region rich in OXT receptors (Hammock and Levitt, 2013) and a key component of the network of regions exhibiting prolonged activation upon OXT administration. A robust multi-band (beta-gamma) increase in LFP power was observed in OXT-treated mice, together with a reduced delta power (Figure 2 ), a hallmark neurophysiological signature of neutrally driven hemodynamic responses (Logothetis, 2008) . These findings suggest that intranasal OXT can rapidly modulate neural activity in deep parenchymal regions.
Selective OXT Receptor Agonism Recapitulates the Activation Pattern Elicited by OXT
In addition to binding with high affinity to OXT receptors (OXT-R), OXT display lower (but significant) affinity at vasopressin V1a and V1b receptors as well (Supplementary Figure S1) . In order to probe the contribution of OXT-R in the pattern of functional activation produced by OXT, we mapped the fMRI response to intranasal administration of TGOT (1.3 μg/mouse), a neuropeptide OXT derivative characterized by high OXT-R affinity and selectivity over V1a and V1b vasopressin receptors (Supplementary Figure S1) . fMRI mapping of intranasal TGOT revealed a functional activation pattern recapitulating key features observed with OXT, including the presence of sustained activation of basal forebrain, piriform regions, and dorsal hippocampus and transient cortical and ventral hippocampal activation (Figure 3 , Z41.7, pc = 0.01). When quantified in volumes of interest, the transient rCBV response elicited by TGOT appeared to be lower than that observed with the same amount of OXT in a number of brain regions (ie, prefrontal fMRI of oxytocin and vasopressin in the mouse A Galbusera et al cortex, diagonal band, ventral pallidum, ventral hippocampus, and striatum, po0.05, Supplementary Figure S2) , while no significant differences were observed in the same regions during the sustained activation phase (Figure 3) . These results suggest a predominant contribution of OXT-R in mediating the brainwide functional effects we mapped with this neuropeptide. Similar to OXT, TGOT administration did not result in significant arterial blood pressure alterations (Supplementary Figure S4b) .
Intranasal AVP Produces Regional Deactivation
We next used fMRI to map the functional effect of intranasal AVP (1.3 μg/mouse). Interestingly, acute intranasal administration of AVP produced rapid and widespread rCBV decreases (ie, deactivation) in a number of cortical and subcortical regions (Figure 4 , Z42, pc = 0.01). The most prominent effects were observed in the medial prefrontal and infralimbic cortex, caudate putamen, parietal cortical areas, and thalamus. Foci of functional deactivation were also observed in the nucleus accumbens. The effect was rapid and sustained, with no apparent regional differences in the functional dynamics of the deactivation (Supplementary Figure S5) . AVP administration was associated with a robust increase in mean arterial blood pressure (Supplementary Figure S4c) , a robust correlate of central and peripheral AVP administration (Saladin and Bruni, 1993) . A cardiovascular origin of the deactivation mapped with fMRI is, however, highly unlikely, because hypertensive responses exceeding the autoregulation window have been previously shown to Figure 1 fMRI activation produced by intranasal OXT administration in the mouse brain. We mapped the functional activation produced by acute intranasal OXT in the mouse (1.33 μg/mouse) using two different regression functions characterized by a sustained (a, top) and transient dynamics (b, bottom). The regressor functions used for fMRI mapping are depicted on top of each panel. Illustrative fMRI time courses in the representative regions of interest (identified by a circle in the activation maps) are also reported. OXT or vehicle were administered at time 0. Data are plotted as mean ± SEM within each group. (b) Mean rCBV response elicited by OXT as quantified in the representative volumes of interest (left: sustained, right: transient; **po0.01; ***po0.01, Student's t-test, followed by Benjamini-Hochberg correction). Acb, nucleus accumbens; cb, cerebellum; Cg, cingulate cortex; DB, diagonal band; dCPu, dorsal portion of the caudate putamen; dHPC, dorsal hippocampus; M1, primary motor cortex; PtCtx, parietal cortex; PFC, prefrontal cortex; Pir, piriform cortex; rCBV, relative cerebral blood volume; Sp, septum; Th, thalamus; vHPC, ventral hippocampus; VP, ventral pallidum.
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A Galbusera et al fMRI of oxytocin and vasopressin in the mouse A Galbusera et al produce increased rCBV mimicking functional activation (Zaharchuk et al, 1999; Gozzi et al, 2007) , as opposed to deactivation. In light of this, it is conceivable that hypertensive states exceeding autoregulation threshold could indeed have attenuated (rather than the origin of) the deactivation mapped. A perivascular effect of AVP is also similarly unlikely, because previous investigations fail to reveal V1a mRNA in parenchymal brain vasculature (Ostrowski et al, 1994) .
AVP-Induced Functional Deactivation Does Not Require OXT-R
We finally investigated the receptor determinants necessary to the functional effects mapped with AVP. AVP displays significant affinity at both OXT-R and AVP (V1a and V1b) receptors (Supplementary Figure S1) . Given the lack of synthetic AVP analogues devoid of OXT-R affinity, to probe the role of AVP (V1a and V1B) receptors, we administered AVP intranasally to OXT-R null mice (Oxtr
). Intranasal administration of AVP in OXT-R null mice produced a pattern of deactivation in excellent agreement with that observed in control mice (Figure 4 , Z42, pc = 0.01). This results suggests that OXT-R are not necessary to the deactivating effect of AVP. The magnitude of AVP-induced blood pressure changes in control and OXT-R null mice were comparable (Supplementary Figure S4c) .
Plasma Peptide Measurements and Intravenous fMRI Mapping
To rule out an unspecific peripheral origin of the fMRI changes mapped, we first titrated the peripheral circulating amount of peptides upon intranasal administration of OXT and AVP at the highest dose tested ( Figure 5 ). We found that Figure 3 fMRI activation produced by the selective OXT-R agonist TGOT in the mouse brain. As with OXT, we mapped the functional activation produced by acute intranasal TGOT areas (1.33 μg/mouse) using two different regression functions characterized by a sustained (a, top) and transient dynamics (b, bottom). The regressor functions used for fMRI mapping are depicted on top of each panel. Illustrative fMRI time courses in the representative regions of interest (identified by a circle in the activation maps) are also reported. TGOT or vehicle were administered at time 0. Data are plotted as mean ± SEM within each group. (b) Mean rCBV response elicited by TGOT as quantified in the representative regions of interest (*po0.05; **po0.01, Student's t-test, followed by Benjamini-Hochberg correction). Acb, nucleus accumbens; cb, cerebellum; Cg, cingulate cortex; DB, diagonal band; dCPu, dorsal portion of the caudate putamen; dHPC, dorsal hippocampus; Pt, parietal cortex; PFC, prefrontal cortex; Pir, piriform cortex; rCBV, relative cerebral blood volume; vHPC, ventral hippocampus; VP, ventral pallidum.
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A Galbusera et al the average total amount of peripherally circulating OXT and AVP (39.8 ± 33.2 and 99.1 ± 55.0 pg/mouse for OXT and AVP, respectively, assuming 2.16 ml of total circulating blood volume; Diehl et al, 2001 ) was only a marginal fraction of the intranasal dose, corresponding to 0.003 and 0.007% of the total intranasal amount administered (OXT and AVP, respectively, 25 min post-administration, Figure 5a and b). This small amount was, however, significantly higher than what was measured under baseline conditions in vehicletreated animals (average increase was~19-fold and~22-fold for OXT and AVP, respectively, po0.01, Student's t-test, Figure 5a and b).
To rule out a contribution of the small fraction of peripherally circulating OXT and AVP to the fMRI effects mapped, we next measured the fMRI response produced by intravenous administration of OXT (0.03 μg/mouse) and AVP (0.003 μg/mouse) at two doses greatly exceeding the quantified peripheral levels (~750-and~30-fold the mean peripheral OXT and AVP levels measured, respectively) so as to account for possible intersubject variability in vascular leakage of these peptides. We reasoned that, if such large doses did not recapitulate the observed intranasal fMRI patterns, a peripheral origin of our functional maps would be highly unlikely. AVP was tested at the highest dose ensuring Figure 4 fMRI deactivation produced by acute intranasal administration of AVP in the mouse brain. (a) AVP-induced fMRI response was mapped both in control Oxtr +/+ and Oxtr − / − mice (1.33 μg/mouse). The fMRI response was mapped with respect to vehicle-treated baseline (water) using a boxcar function, as we did not observe apparent regional differences in temporal fMRI dynamics (Supplementary Figure S5 ). An illustrative fMRI time course in a representative region of interest (identified by a circle in the activation maps) is reported. AVP or vehicle were administered at time 0. (b) Mean rCBV response elicited by AVP as quantified in the representative regions of interest as a function of genotype (*po0.05; **po0.01, Student's t-test, followed by Benjamini-Hochberg correction). Acb, nucleus accumbens; Amy, amygdala; Cg, cingulate cortex; DB, diagonal band; dCPu, dorsal portion of the caudate putamen; dHPC, dorsal hippocampus; MidB, midbrain; Pt, parietal cortex; PFC, prefrontal cortex; Pir, piriform cortex; Pt Ctx, parietal cortex; Sp, septum; rCBV, relative cerebral blood volume; vHPC, ventral hippocampus; VP, ventral pallidum.
fMRI of oxytocin and vasopressin in the mouse A Galbusera et al a peripheral response not exceeding cerebral blood flow autoregulation in individual animals. Notably, these studies failed to replicate the fMRI response obtained upon intranasal administration (Figure 5c and d. Supplementary  Figures S6 and S7) . Specifically, AVP did not reveal any significant fMRI response with respect to intravenous saline injection, while OXT produced a trend for a weak deactivation (as opposed to the activation observed intranasally) in some brain regions, an effect that reached statistical significance in the nucleus accumbens ( Figure 5, po0.01) . The contrasting direction of effect produced by peripheral OXT administration despite the use of OXT amounts largely exceeding the peptide levels quantified in plasma argue against a contribution of circulating OXT to the fMRI response mapped with intranasal peptide administration, thus corroborating a central origin of the intranasal fMRI signals. In keeping with this notion, intravenous administration of TGOT failed to elicit significant alterations in any of the brain regions examined (Supplementary Figures  S6 and S7) , although as seen with OXT, a trend for a reduction in rCBV was observed in some brain area multiple regions. Intravenous administration of OXT and TGOT produced small and transient blood pressure increases, while AVP induced a sustained blood pressure increase reminiscent of that observed upon intranasal administration (Supplementary Figure S8) .
DISCUSSION
We used phMRI to map the large-scale functional substrates modulated by acute intranasal administration of OXT and AVP in the mouse brain and demonstrate that both neuropeptides elicit a rapid and sustained modulation of parenchymal and periventricular brain substrates, including key regions involved in social and emotional behavior. Importantly, we document an unexpected opposing modulatory influence of OXT and AVP on brainwide functional substrates and demonstrate that this effect is not recapitulated by intravenous peptide administration, thus corroborating a central origin of the observed fMRI changes. From a purely methodological standpoint, our study represents the first demonstration of the possibility to non-invasively map the substrates recruited by intranasally administered peptides in mice, thus paving the way to the use of this approach to the characterization of CNS effects of centrally active biologicals that do not cross the blood-brain barrier.
The pattern of sustained fMRI activation obtained with OXT encompasses limbic brain substrates previously fMRI of oxytocin and vasopressin in the mouse A Galbusera et al described to be modulated by this neuropeptide in humans.
In particular, a recent study from Paloyelis et al (2014) permits to directly compare our results with the fMRI response produced by OXT under task-free conditions in men. In agreement with our findings, human cerebral blood flow mapping of OXT revealed the sustained activation of an extended network of regions, including the hippocampus, amygdala, ventral striatum, basal forebrain areas, anterior insula, midbrain brain stem nuclei, and cerebellum, corroborating the notion of a cross-species conservation of the substrates modulated by this neuropeptide (Insel, 2010) and the translational relevance of our approach. The presence of foci of fMRI activation in central amygdaloid nuclei is also consistent with human task-based fMRI mapping indicating this region as a key substrate of the emotional and affective properties of OXT (Kirsch et al, 2005; Meyer-Lindenberg et al, 2011) , although in our maps the amygdala did not appear to be activated in all its subcomponents. In contrast with human fMRI mapping (Labuschagne et al, 2010; Sripada et al, 2013; Paloyelis et al, 2014; Riem et al, 2014) , we did not observe sustained activation of cingulate and prefrontal areas, although these regions exhibited a robust transient activation within the first 10-15 min after OXT administration. Because human OXT investigations typically cover late injection time points (typically 430 min after administration), it is not clear whether such rapid and transient response reflects the intrinsic dynamics of intranasal route or whether it is the consequence of cross-species or experimental discrepancies. Notably, the distribution of the sustained fMRI response to OXT exhibits significant overlap with the limbic brain substrates characterized by OXT-R expression in the rodent brain, a correspondence that appears to be especially prominent in rostral brain regions (Dumais et al, 2013; Freeman and Young, 2016) and that empirically supports a central origin for the effects mapped. We also observed robust hippocampal activation in line with the key contribution of this neuropeptide as a facilitator of information processing in the brain (Owen et al, 2013; ShamayTsoory and Abu-Akel, 2016 ) and the high OXT-R abundance in this region. The observation of qualitatively similar patterns of rCBV activation upon OXT and TGOT administration corroborates a predominant contribution of the OXT-R in mediating these functional signals, although this finding alone does not permit to completely rule out a nonnegligible regional involvement of V1a or V1b receptors in the fMRI response mapped. Further studies using selective pharmacological manipulations in genetic modified animals are required to fully disambiguate this contribution, such as OXT dosing in OXT-KO mice or pharmacological manipulation with selective OXT or AVP receptor antagonists. The lower functional response observed with TGOT and lack of efficacy at the lower dose tested were unexpected, given the higher receptor affinity of this peptide at OXT-R and its greater in vivo potency upon intraventricular administration (Sala et al, 2013) . Although the origin of this discrepancy remain unclear, differences in the intranasal pharmacodynamics, stability, or biodistribution of these two analogous, but structurally distinct, peptides could possibly account for this unexpected finding.
The sustained pattern of OXT activation we observed is also in excellent agreement with previous fMRI mapping of this neuropeptide upon central intraventricular administration in the rat (Febo et al, 2005; Ferris et al, 2015) , a finding that underscores the efficiency of the intranasal route in enabling CNS access to bulky neuroactive peptides. The origin and significance of the different temporal response observed in cortical and subcortical regions are, however, unclear. A time-dependent involvement of different downstream neurotransmitter systems affected by OXT may underlie this observation. For example, the central nucleus of the amygdala, a key substrate of OXT action, can directly modulate central cholinergic function (Gozzi et al, 2010) and the transient cortical involvement observed with OXT (and TGOT) is reminiscent of the widespread functional activation obtained upon endogenous cholinergic activation (Gozzi et al, 2010) . Interestingly, evidence of high OXT-R density in cholinergic nuclei has been recently described in primates (Freeman and Young, 2016) . A transient disinhibition of cholinergic (Boccia and Baratti, 2000) or serotonergic activity (Dolen et al, 2013) may underscore the observed transient functional response. Further studies involving the selective manipulation of neurotransmitter systems involved in OXT function are required to probe the validity of this hypothesis.
Three main functional pathways into the cranial cavity have been proposed for intranasally delivered neuropeptides (Veening and Olivier, 2013) : (a) intra-axonal and transneuronal transport via the olfactory pathways; (b) via perineuronal and other spaces along the olfactory fibers and cranial nerves to enter the arachnoid space and cerebrospinal fluid (CSF); and (c) via the peripheral blood stream and the blood-brain barrier (BBB) after crossing the mucosal walls of the nasal cavity. Although our fMRI mapping does not permit a clear mechanistic assessment of the entry route of OXT in the cranial cavity, the lack of blood pressure alterations, a hallmark cardiovascular reaction to peripheral OXT administration (Thomas et al, 2007) , together with the low BBB permeability of this neuropeptide (Mens et al, 1983) strongly argue against a contribution of peripherally circulating OXT in the functional effects mapped. A major involvement of intra-axonal and transneural transport is equally unlikely, given the low efficiency and very slow nature of this kind of translocation mechanism (Dhuria et al, 2010) . A significant contribution of extra-axonal and perineuronal volume transmission via CSF is the most probably explanation for the fast and distributed functional rCBV response observed in our study, a hypothesis consistent with in vivo microdialysis measurements in the rodent brain upon intranasal administration . A detailed discussion of the mechanistic and neuroanatomical foundations of this putative nose-to-brain entry route has been recently summarized by Veening and Olivier (2013) .
As with OXT, the fMRI pattern of AVP deactivation includes brain substrates (cingulate, temporal-parietal cortex, caudate nuclei, and amygdala) recently described to be modulated by this neuropeptide in task-based fMRI mapping in humans (Zink and Meyer-Lindenberg, 2012) . However, the lack of task-free intranasal fMRI mapping of AVP in humans does not permit to directly compare first-order effects of this neuropeptide across species. It is, however, interesting to note that, similar to our imaging findings, AVP was recently reported to induce brain deactivation in fMRI of oxytocin and vasopressin in the mouse A Galbusera et al humans . Interestingly, not all the regions characterized by high V1a or V1b receptor abundance appeared to be the modulated by AVP. For example, no functional modulation was observed in the hypothalamus, ventral diagonal band (rich in V1a receptors; Hernando et al, 2001) , or the hippocampus (rich in both V1a and V1b receptors; Hernando et al, 2001; Young et al, 2006) . This observation does not imply an unspecific origin of the imaging effects mapped, because hemodynamic responses are known to reflect poly-synaptic integrative processes that do not necessarily serve as a reliable proxy of local receptor distribution (Logothetis, 2008) .
A comparison of our OXT doses with those utilized in analogous rodent investigations suggests that the amounts of peptide we tested are in line with, or lower than, what was previously assayed in acute intranasal studies, hence making our functional mapping relevant for rodent investigators. For example, when normalized by body weight (6.7 and 26.7 IU/kg), our OXT doses are similar to those recently shown to produce acute prosocial effects (ie, 5 and 10 IU/Kg, Huang et al, 2014) and much lower than the amount employed to induce conditioned social preference (240 IU/kg, Kosaki and Watanabe, 2016) , rescue autismlike behaviors (120 IU/kg, Penagarikano et al, 2015) , or investigate brain and plasma peptide biodistribution in mice (120 IU/Kg, Neumann et al, 2013) . Similar amounts of OXT have been investigated in acute intranasal studies in the rat as well, eg, 40 IU/Kg, by Neumann et al (2013) and Calcagnoli et al (2015) . Examples of lower intranasal OXT dosing have been described in prairie voles (eg, 0.08, 0.8, and 8 IU/Kg, Bales et al, 2015) and mice (Bales et al, 2014) , although in such cases the peptide was administered chronically for several weeks.
If directly extrapolated to humans, our OXT doses would correspond to the acute administration of 335 and 1335 IU to a 50 kg human individual. Human acute dosing ranges approximately from 10 to 40 IU, with a large prevalence of a 24 IU/dose administered once or twice daily (Davis et al, 2013; Anagnostou et al, 2014; Kirkpatrick et al, 2014) . When compared with these amounts, our low OXT dose would thus be approximately 7-10-fold higher than the daily OXT dose employed by human investigators and the high dose 32-40-fold higher. However, two critical experimental factors should be considered when direct mouse to men dose extrapolation are attempted. First, human dosing employs OXT spraying/nebulization, a modality resulting in enhanced biodistribution and higher CNS drug concentrations (Henry et al, 1998; Hoekman and Ho, 2011) . This aspect seems to be especially relevant for neuropeptides, such as OXT and AVP. For example, in macaques aerosolized OXT, but not intranasal OXT administration, resulted in significant increases in lumbar CSF OXT levels (Modi et al, 2014) . Similarly, nebulized AVP (Ramos et al, 2014) , but not intranasal deposition of the peptide (Ludwig et al, 2013) , elicited behavioral responses in rats. The higher bioavailability and efficiency of nebulized administration with respect to rodent liquid administration poses a first interpretational limit to direct mouse-to-human extrapolation of OXT and AVP dosing that can account for the overall use of higher peptide amounts in rodent investigations. Similarly, direct rodent to human dose extrapolations typically neglect established interspecies differences in metabolic rate and pharmacokinetic parameters, a contribution that can be rigorously formalized in allometric dose scaling (reviewed by Sharma and McNeill, 2009) . Although the validity and specific assumptions underlying allometric dose scaling for intranasal peptides remain completely unexplored, it is worth noting that FDA guidelines based on metabolism and body surface area recommend a mouseto-human dose extrapolations factor of 0.16 (USFDA, 2005; Sharma and McNeill, 2009 ). Hence, allometric scaling alone could plausibly account for the different absolute dosing employed in intranasal rodent studies with respect to humans. Together with well-documented neuroanatomical differences in the architecture of rodent and human turbinates (Harkema et al, 2006) , these considerations highlight the need to exercise caution when directly extrapolating dose across species and provide a possible explanation of the overall larger intranasal peptide doses employed by rodent researchers. These limitations, however, are mostly quantitative and as such do not preclude careful qualitative and mechanistic extrapolations of rodent pharmacological and functional findings to human OXT and AVP investigations.
Peripheral cardiovascular changes can affect both BOLD and CBV-weighted (Kalisch et al, 2001; Luo et al, 2003; Gozzi et al, 2007) fMRI responses. The use of rCBV-weighted mapping has, however, the advantage of permitting an unambiguous assessment of the direction and contribution of arterial blood pressure changes to central hemodynamic responses. Indeed, previous work from us (Gozzi et al, 2007) and others (Zaharchuk et al, 1999) showed that halothane anesthesia preserves cerebral autoregulation over a large range of blood pressure and that blood pressure values exceeding the upper autoregulation limit results in increased rCBV mapping. To our knowledge, no such systematic assessment has been described for BOLD fMRI. These findings corroborate a central origin of the rCBV response produced by AVP, because the peptide produced negative rCBV responses in the face of positive blood pressure increases. rCBV fMRI also has the additional advantage of being more easily interpretable and closely related to underlying neuronal activity than BOLD fMRI, for which examples of dissociation between hemodynamic parameters and neuronal signals have been described (Maier et al, 2008; Schridde et al, 2008) .
The observation of opposing brainwide functional effects of AVP and OXT was unexpected, because this is at odds with the converging pharmacological profile, molecular pathways, and electrophysiological responses elicited by these two neuropeptides, which can similarly increase neuronal excitability (Raggenbass, 2001; Stoop, 2014) . A divergent effect of OXT and AVP is also in contrast with the dominant view of a concerted contribution of these neuropeptides to social cognition, social memory, and affiliative behavior (Ferris, 2008; Insel, 2010) , and evidence that both these neuropeptides can improve social deficits in mouse models of impaired OXT-mediated signaling (Sala et al, 2011) . As discussed above, a role of peripheral cardiovascular confounds in the effect of AVP is highly unlikely. Although the use of light anesthesia could potentially affect the sign and distribution of the functional changes mapped, multiple lines of evidence converge to suggest that fMRI pattern here identified are representative of OXT and AVP substrates in fMRI of oxytocin and vasopressin in the mouse A Galbusera et al conscious states. For example, the light anesthetic regimen employed preserves cerebral blood flow autoregulation (Gozzi et al, 2007) , cortical electrical responsiveness (Orth et al, 2006; Gozzi et al, 2012) , and spontaneous brainwide functional couplings (Sforazzini et al, 2014; Gozzi and Schwarz, 2015) , and previous work demonstrated a negligible influence of this anesthetic on the functional activation produced by several psychoactive drugs, when compared with awake conditions (Gozzi et al, 2008; Gozzi et al, 2012) . It is conceivable that the observed functional divergence may reflect a regional modulation of inhibitory and excitatory cell populations, an effect that could be mediated by differences in the cellular and subcellular distribution of the receptor effectors of OXT and AVP. Recent studies showing that OXT can locally disinhibit cortical regions involved in maternal behavior (Marlin et al, 2015) and influence fast spiking inhibition in hippocampal neurons (Owen et al, 2013) lend empirical evidence to this hypothesis. In keeping with this, evidence that AVP can increase GABAergic neurotransmission in hypothalamic regions has also been described (Hermes et al, 2000) , and microcircuital divergences in the modulatory action of these neuropeptide on specific brain substrates (ie, the amygdala) have been recently reported (Huber et al, 2005; Stoop, 2012) . Notwithstanding the unclear origin of this phenomenon, the observation of functionally divergent responses to OXT and AVP is of interest, as it may serve as a possible brainwide functional substrate for some of the differential behavioral outputs previously described upon exogenous stimulation of these neuropeptide systems in rodents. Specifically, rodent studies have highlighted a differential contribution of AVP and OXT systems in affective and emotional responses, stress-coping (reviewed by Neumann and Landgraf, 2012) , and motor-sensory regulation (Stoop, 2014) . Although an extrapolation of our mouse data to human clinical research must be exercised with caution, the opposing functional effects mapped may also be of relevance for the therapeutic investigation of these neuropeptides in human conditions characterized by social impairments. Our data indeed suggest that the two peptides do not necessarily produce concordant brainwide modulation, at least in the healthy brain with normal endogenous levels of OXT. This observation challenges the notion of an overlapping action of exogenous AVP or OXT as facilitators of social function, a concept at the basis of clinical testing of these agents as normalizers of social impairments (Insel et al, 1999) , and calls for a deeper investigation of the macroscale substrates engaged by OXT and AVP and their relevance to the putative therapeutic profile of these agents.
In conclusion, we mapped the macroscale functional substrates engaged by intranasal administration of OXT and AVP and show a previously unreported divergence in the brainwide functional effect modulated by the two neuropeptides. Our findings shed light on the dynamics and central substrates recruited by intranasal OXT and AVP. The observation of a functional divergence, rather than a concordant modulatory action, calls for a deeper investigation of the systems-level mechanisms by which exogenous OXT and AVP modulate brain function and exert their putative therapeutic effects.
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